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Introduction
ABCA4-related retinopathy (Online Mendelian Inheritance in Man, no. 601691) is one of the most frequent causes for inherited retinal degeneration and vision loss in early life. [1] [2] [3] It is caused by autosomalrecessive mutations in the ATP-binding cassette subfamily A member 4 gene (ABCA4). 4, 5 Dysfunction or loss of function of ABCA4 leads to excessive accumulation of lipofuscin in the retinal pigment epithelium (RPE), leading to retinal atrophy and associated loss of vision. 5, 6 Based on the improved understanding of underlying disease mechanisms, several treatment options are currently being developed. 7 However, there is still uncertainty about suitable outcome measures for the sensitive detection of potential treatment effects. Such measures should ideally be easy to acquire, have high test-retest reliability, should reflect functional impairment of the patients, and be predictive for long-term progression based on short-term changes.
Patients with ABCA4-related retinopathy show characteristic findings on fundus autofluorescence (AF) imaging using short-wavelength excitation light (SW-AF), including a generally increased AF intensity and distinct flecked patterns of increased and/or decreased AF. [8] [9] [10] [11] [12] An alternative AF imaging modality is near-infrared autofluorescence (NIR-AF) imaging, which is assumed to derive mainly from melanin and melano-lipofuscin within RPE cells and choroidal melanocytes. 13, 14 It has been shown that NIR-AF images display characteristic differences in ABCA4related retinopathy compared to SW-AF: NIR-AF patterns are more likely hypoautofluorescent, the extent of hypofluorescent lesions exceed those in SW-AF, and alterations seem to precede those in SW-AF. [15] [16] [17] [18] [19] [20] In individual studies, both AF modalities have been correlated with changes on optical coherence tomography (OCT) [16] [17] [18] 21, 22 and functional measures. 12, 20, 23, 24 It has been proposed that different disease stages in ABCA4-related retinopathy can be investigated in detail along a foveo-papillary line. 14 However, a systematic qualitative and quantitative evaluation of individual AF patterns in SW-AF and NIR-AF as criteria for different disease stages has not yet performed in a larger cohort.
For this reason, the distribution of different AF patterns on SW-AF and NIR-AF images along a foveo-papillary line was investigated and correlated with OCT and fundus-controlled microperimetry data in a large cohort of patients with ABCA4-related retinopathy. Knowledge of different AF patterns and their functional and structural correlates as a susceptible marker for different disease stages may not only be of relevance for a better understanding of underlying disease mechanisms but also for a more sensitive detection of treatment effects in upcoming interventional trials.
Methods
This prospective, monocenter, cross-sectional case series was performed at the Department of Ophthalmology of the University of Bonn, Germany. The study was in adherence with the tenets of the declaration of Helsinki. Institutional review board approval (Ethikkommission, Medizinischen Fakultät, Rheinische Friedrich-Wilhelms-Universität Bonn, Germany) and patients' informed consent were obtained.
Patients with ABCA4-related retinopathy were recruited from a clinic for rare retinal diseases. Inclusion criteria comprised the presence of at least one disease-causing mutation in ABCA4 and a phenotype consistent with ABCA4-related retinopathy, including RPE atrophy and flecks. 25 Insufficient pupil dilation, additional retinal pathology, previous vitreoretinal surgery, or other ocular comorbidities substantially affecting visual function (e.g., significant media opacity, amblyopia, or optic nerve disease) led to exclusion.
Image Acquisition
All patients underwent a comprehensive ophthalmologic examination including best corrected visual acuity (BCVA) testing using Early Treatment Diabetic Retinopathy Study charts, slit lamp examination, indirect ophthalmoscopy, full-field ERG (Toennies Multiliner Vision 1.70; Toennies, Höchberg, Germany) testing, and a dedicated imaging protocol. The imaging protocol consisted of fundus photography (Visucam; Carl Zeiss Meditec, Jena, Germany), SW-AF (488 nm) and NIR-AF (787 nm) imaging using confocal scanning laser ophthalmoscopy (cSLO) (Spectralis HRA; Heidelberg Engineering, Heidelberg, Germany), spectral-domain OCT (880 nm) (Spectralis HRAþOCT; Heidelberg Engineering), and mesopic fundus-controlled perimetry using confocal microperimetry (Macular Integrity Assessment [MAIA]; CenterVue, Padova, Italy).
For AF images, the field of view was set to 558 and 308 (centered on the fovea). Within the manufacturer's software, high-resolution mode (1536 3 1536 pixels) with and without normalization was utilized, and a minimum of 50 frames per image was automatically aligned and averaged to optimize the signal-to-noise ratio. SD-OCT was performed with single horizontal and vertical line scans centered on the fovea as well as volume scans (258 3 308, 61 scans) with at least 20 frames per scan averaged. Funduscontrolled perimetry was performed using the MAIA device, which has an inbuilt cSLO (830 nm, 36.58 3 36.58, 25 frames per second) that enables automated real-time fundus tracking. The protocol was comparable, as described previously. 26 Briefly, after 20 minutes of adaptation to the red test background luminance at 1.27 cd/m 2 , retinal sensitivity was obtained using achromatic (400-800 nm) Goldmann III stimuli of 200-millisecond duration and a 4-2 staircase strategy of luminance comprising an dynamic range of 3.6 log units (0.08-318.5 cd/m 2 ). 27 The resulting point-wise retinal sensitivity can be exported either as values (36-0 dB) or as a cSLO image with color-coded dots at the respective retinal locations (gradually, green for normal retinal sensitivity, yellow for moderate functional impairment, red for severe functional impairment, and black for no perception). To reduce learning effects, one full perimetric test was performed in each eye before the examination was executed. The custom-made test pattern was adapted from the foveo-papillary profile developed by Cideciyan et al. 23 (Fig. 1 ).
Image Processing
The 308 nonnormalized SW-AF and NIR-AF images, as well as OCT-associated images, were exported from image management software (Heidelberg Eye Explorer, version 1.9.10.0; Heidelberg Engineering) and aligned with the fundus-controlled perimetry results (cSLO image with color-coded dots and sensitivity values) of the respective subject using at least five landmarks and a dedicated customwritten software (Multi-Modal Mapper). 28 The outcome was then overlaid using image-editing software (Photoshop CS 6.0; Adobe, San Jose, CA; Fig. 1 ).
Based on previously published data and the clinical experience with AF images in ABCA4-related retinopathy of different medical retina specialists (PLM, FGH, PCI, and MG), [15] [16] [17] [18] [19] [20] 29 six different AF patterns were defined as follows ( Fig. 2 , first row):
1. Atrophic lesions (AL) defined as circumscribed definitely decreased AF (90% darkness of the optic disc) 29 ; 2. Continuous dark pattern not fulfilling the criteria of definitely decreased AF (P4) defined as questionably decreased AF (50%-90% darkness of the optic disc) 29 ; 3. Flecked pattern dominated by flecks of decreased AF defined as (P3); 4. Flecked pattern dominated by flecks of increased AF defined as (P2); 5. Granular pattern not fitting in any of the other categories defined as (P1); 6. Homogeneous background defined as no pattern (NP).
The delineation of each AF pattern was performed in Photoshop CS 6.0 using the pencil tool (red lines in Fig. 2 ). The expansion of each individual pattern in SW and NIR-AF images from the fovea to the optic disc was measured using the integrated measurement tool of Photoshop CS 6.0 and the individual scaling factor provided by the Heidelberg Eye Explorer. If one pattern was not clearly delineable, the expansion of the respective AF pattern was set to 0. The retinal sensitivity within each AF pattern was compiled for each eye by taking the mean of all stimuli located (.50% of the stimulus size) inside the respective pattern. The expansion of the RPE loss, ellipsoid zone (EZ) loss, and external limiting membrane (ELM) loss in OCT images was delineated using the Heidelberg Eye Explorer, annotated on the associated infrared image, and then processed according to the AF images. The delineations and measurements were manually performed by two independent experienced readers (PLM and JB) masked to the results of each other. For further analysis, the mean of both readers was used.
For subgroup analysis, patients were further subclassified using the full-field ERG-based classification recommended by Lois and colleagues 30 : Group 1 included eyes with normal responses on scotopic and photopic full-field ERG; group 2 included eyes with normal scotopic responses but reduced (over 2 SD) photopic B-wave and 30-Hz flicker amplitudes, and group 3 included eyes with ERG reductions involving both rod-and cone-driven responses.
Statistical Analysis
Statistical analysis was performed with commercially available statistical software (GraphPad Prism 6.0; GraphPad Software, La Jolla, CA) using one factorial analysis of variance (ANOVA) followed by Tukey's test for the pairwise comparison of groups or paired t-test after averaging the results of both eyes. Using a 95% significance level, P values , 0.05 were regarded as significant. Correlations between AF alterations and OCT changes were investigated using Spearman's rank correlation coefficient. Interrater reliability between the two readers was assessed with the two-way agreement interclass correlation coefficient (ICC) using the software environment R (version 3.2.3; The R Foundation for Statistical Computing, Vienna, Austria).
Results

Cohort Characteristics
A total of 88 eyes of 44 patients (32 female [73%]) with a mean age at examination of 37.6 6 2.5 years (6SEM; range, 9-77 years) were included in this study ( Table 1 , Supplementary Table S1 ). Forty-one patients were found to have two disease-causing mutations. Three patients had only one disease-causing mutation but showed a phenotype consistent with ABCA4-related retinopathy.
Based on the ERG-based classification presented above, 42 eyes were assigned to group 1, 34 eyes to group 2, and 12 eyes to group 3. This classification closely correlated with AF phenotypes, with group 1 encompassing eyes with a localized low signal at the fovea surrounded by single flecks and a homogeneous background, group 2 with a localized low signal at the macula surrounded by a heterogeneous background with numerous foci of abnormal signal (i.e., hyper-and hypoautofluorescent flecks), and group 3 with multiple low signal areas at the posterior pole with a heterogeneous background ( Supplementary Fig.  S1 ). 31, 32 Both eyes of each patient always met the same group criteria in our study cohort. As demonstrated previously, 33, 34 patients assigned to group 1 revealed the common mild p.Gly1961Glu-variant significantly more frequently than did patients assigned to other groups. Distribution of age, age of onset, and sex was not different between subgroups (Table 1) .
Fundus AF Patterns
All eyes showed a consistent centrifugal sequence of AF patterns along the foveo-papillary line (foveopapillary expansion) in both AF modalities overall and throughout the three different groups (Fig. 2 , Table 2 ): Atrophic lesions (AL), an irregular dark pattern (P4), flecks of decreased AF (P3), flecks of increased AF (P2), a granular pattern (P1), and no pattern with a homogeneous background (NP). Due to the rarity of larger areas of P2 on NIR-AF images, individual flecks of increased AF were integrated into P3 ( Fig. 2 and Supplementary Fig. S1 ). In 19 cases (22% representing eyes of each group), the expansion of further single AF patterns (in one or both AF modalities) was not delineable due to absence in the foveo-papillary area. This did not affect the sequence itself, similar to foveal noninvolvement, which was present in 25 eyes (28%). The consistent sequence simply started paracentrally in the latter (Fig. 2 , second row). Hyperautofluorescent flecks (P2) revealed the largest expansion of AF patterns in SW-AF, whereas hypoautofluorescent flecks (P3) represented the predominant AF pattern in NIR-AF. The eccentricity of NIR-AF patterns significantly exceeded those of SW-AF (P 0.005), except for AL (P ¼ 0.143; Fig. 2 , Table 2 ). The most obvious difference between both imaging modalities was found for hypoautofluorescent flecks (P3): The area of P3 in NIR-AF images covered most of the area of P2 as well as the area of P3 on SW-AF and even extended more peripherally (Fig. 2 , Table 2 ).
The foveo-papillary expansion of all individual AF patterns increased from group 1 to 3, with the NIR-AF patterns being more eccentric compared to SW-AF patterns (Fig. 2, Table 2 ). There was a good correlation between both eyes of individual patients (Pearson correlation for NIR-AF and SW-AF measures, q ¼ 0.897 and q ¼ 0.908).
Functional Relevance of AF Patterns
Areas with AF alterations in both AF modalities revealed reduced retinal sensitivity, whereas regions with homogenous background (NP) showed relatively preserved retinal function. In accordance with the centrifugal sequence of AF patterns, an increase of retinal sensitivity was found from the central advanced lesions to the more peripheral patterns along the foveopapillary line (Fig. 2, Table 3 ). In SW-AF, the main difference in retinal sensitivity was found between regions with hyperfluorescent flecks (P2) and adjacent areas (P1 and P3). In line with the more eccentric AF patterns, NIR-AF patterns showed a generally better mean retinal sensitivity compared to SW-AF, which was significant for areas with a granular pattern (P1) and areas with hypofluorescent flecks (P3; Fig. 2 , Table 3 ). Retinal sensitivity varied most between regions with hypofluorescent flecks (P3) and adjacent areas (P1 and P4) in this AF modality.
In the subgroup analysis, group 1 and 2 eyes showed overall comparable retinal sensitivity throughout the different AF patterns with only slightly lower retinal sensitivity in group 2. In contrast, group 3 eyes revealed a more severe functional impairment associated with each AF pattern, resulting in a lower mean difference between the different AF patterns. The only exception was found in areas with AL where retinal function was poor throughout all groups (Fig. 2 ).
Structural Correlates of AF Pattern
On OCT imaging, patients with ABCA4-related retinopathy showed characteristic alterations of the outer retina ( Fig. 3) . A characteristic sequence was found along the foveo-papillary line, with loss of the EZ being most and RPE loss being least widespread, that revealed a good correlation between both eyes of individual patients (Pearson correlation, q ¼ 0.889). Comparisons with AF patterns revealed a correlation of total hypoautofluorescent pattern (i.e., P3, P4, and AL) in NIR-AF and the hypo-and hyperautofluorescent alterations (i.e., P2, P3, P4, and AL) in SW-AF with the EZ loss (r ¼ 0.971; P , 0.001 and r ¼ 0.979, P , 0.001). The expansion of hypoautofluorescent pattern (i.e., P3, P4, and AL) in SW-AF correlated with the extension of the ELM loss (r ¼ 0.933, P , 0.001). Within the area of AL, OCT revealed a disrupted RPE band and associated hyperreflectivity of the underlying tissues (i.e., choroid). However, OCT hyperreflectivity was not consistently restricted to AL and was often discontinuous. Regarding the most eccentric granular pattern (P1), no corresponding OCT alteration was found. Therefore, the total foveo-papillary expansion of alterations in both AF modalities significantly exceeded those of OCT lesions (P , 0.001).
Interrater Agreement
The measurements of foveo-papillary expansion exhibited an excellent interrater agreement of 0.936 (ICC; 95% confidence interval [CI]: 0.928, 0.943) for overall measurements, 0.927 (0.913, 0.939) for SW-AF, 0.928 (0.914, 0.940) for NIR-AF, and 0.989 (0.982, 0.992) for OCT grading.
Discussion
In this study, we evaluated the association of different AF patterns with retinal function and OCT alterations in ABCA4-related retinopathy. In accordance with the centrifugal expansion of the disease, 15, 25 a consistent sequence of different AF patterns ranging from AL to homogeneous back- ground (NP) was identified that correlated with gradual normalization of functional impairment (i.e., from loss of light sensitivity in AL to mild impairment in P1 and preserved function in NP; Fig.  2 ) and OCT alterations (i.e., from loss of multiple OCT layers in AL to regular OCT appearance in P1 and NP), indicating different disease stages.
In accordance with previous reports, 13, [15] [16] [17] [18] [19] [20] 22 the individual NIR-AF patterns exceeded those on SW-AF, suggesting that changes on NIR-AF preceed those on SW-AF (Fig. 2, Table 2 ). Similar findings have been described for retinitis pigmentosa or choroideremia, suggesting that NIR-AF might have the general potential to detect damage/dysfunction of the RPE earlier. [35] [36] [37] The most widespread AF patterns were hypofluorescent flecks (P3) in NIR-AF and hyperfluorescent flecks (P2) in SW-AF, respectively. The peripheral borders of these patterns correlated with EZ loss and showed the most distinct change of retinal sensitivity in comparison to adjacent regions (Figs. 2 and 3 ), suggesting that the occurrence of these patterns might represent an important stage of retinal degeneration in ABCA4-related retinopa-thy. Subgroup analysis based on a full-field ERG classification revealed generally comparable results, validating these findings for different disease manifestations and stages of ABCA4-related retinopathy. However, in accordance with the increasing dysfunction of rods and cones from group 1 to 3, eyes assigned to group 2 and especially group 3 showed an increasing expansion of AF alterations and severity of functional impairment (Fig. 2) underlining previous reports. 31, 38 As the distinct functional impairment in group 3 eyes was present throughout the AF patterns along the foveo-papillary line (including the most eccentric pattern), the loss of retinal sensitivity quickly reached the end of the dynamic range of the microperimetry device (indicated by 0 dB). Therefore, the visualized slope of the functional decline in Figure  2 seemed shallower compared to group 1 and 2 eyes (irrespective of artificial x-axis dimensions).
Pathophysiological Considerations
Based on our results, it can be hypothesized that the described AF patterns represent different stages of disease progression as suggested in a previous report of a small study cohort (n ¼ 7 patients) with ABCA4related retinopathy: 14 (1) We found a sequence of observed AF pattern from the fovea to the optic nerve head. This particular sequence was shown to be consistent throughout our cohort irrespective of phenotypic presentation, general retinal involvement, or foveal status. (2) The retinal sensitivity differed between the areas of these different AF patterns and declined in association with the AF sequence, implying the functional relevance of the AF findings.
(3) We found structural correlates in OCT images, with more pronounced changes demarcating more severe AF patterns.
Early-to late-stage AF changes in both AF modalities can be explained by the disease characteristic pathophysiology. An early finding in ABCA4related retinopathy is an accumulation of lipofuscin granules within the RPE that is reflected by generally increased AF signal as measured, for example, by quantitative fundus AF imaging. Of note, this accumulation is not associated with a pattern on AF images, and retinal structure assessed by OCT appears relatively preserved. Accordingly, these areas presented relatively preserved retinal function (especially in group 1 and 2 eyes; Fig. 2, Table 3 ), 39 suggesting that lipofuscin accumulation itself is not associated with clinically relevant functional impairment.
Next, there is occurrence of hyperautofluorescent flecks on SW and NIR-AF. The histopathologic correlate of hyperautofluorescent flecks on SW-AF might be accumulation of lipofuscin granules within the RPE. 40, 41 The explanation of hyperautofluorescent flecks on NIR-AF is less intuitive but may include apical displacement of intracellular melanin granules by lipofuscin or formation of derivates such as melano-lipofuscin and oxidized melanin. Further accumulation of lipofuscin granules is then suggested to lead to loss of melanin granules. This may be an explanation for the widespread occurrence of hypoautofluorescent flecks on NIR-AF within the area of hyperautofluorescent flecks on SW-AF. 17 An alternative hypothesis states that fluorophores at photoreceptor level can also account for the increased SW-AF signal and that the reduced AF signal on NIR-AF might already represent early RPE atrophy. 16, 17, 22 This would be an important hint that RPE degeneration might precede photoreceptor degeneration. In addition, there is evidence for heterogeneity and a possible remodeling of fluorophore components during disease progression. This is indicated, for example, by spectrally resolved AF imaging showing longer wavelength emission in eccentric flecks compared to shorter wavelength emission in central flecks, 42 as well as distinct differences between central and eccentric flecks in fluorescence lifetime imaging ophthalmoscopy. 43 As a final stage, RPE undergoes cell death, also visible on OCT imaging, leading to irregular dark pattern (P4) and AL in both AF modalities. 35 Hypoautofluorescent flecks (P3) in SW-AF seem to be an interstate with a delicate structural alteration affecting photoreceptor integrity associated with ELM loss or thinned retinal layers. 18, 44 Therefore, further evaluation of differences between hyperautofluorescent flecked (P2) and hypoautofluorescent flecked (P3) pattern in SW-AF may provide more insights into disease pathomechanisms.
Explanations for the more severe functional impairment in group 3 eyes compared to eyes assigned to both other groups despite similar AF alterations (i.e., different retinal sensitivity in the same AF pattern) can only be hypothesized. For example, a compromised choroid (as found in group 3) 34 could impair the exchange of hitherto unknown neuroprotective factors and nutrients that might lead to an increased accumulation of toxic compounds and activation of inflammatory processes resulting in accelerated functional decline in group 3. This might be an interesting target for further molecular research.
Relevance for Assessment of Progression and Treatment Effects
The definition of clinical endpoints is essential for reliably recording disease progression and potential treatment effects. As patients with ABCA4-related retinopathy typically reveal either early loss of visual acuity due to early foveal involvement or long-term preservation of visual acuity in the case of foveal noninvolvement, BCVA does not represent a suitable outcome parameter. Novel high-resolution imaging modalities such as AF provide objective in vivo measures of disease alterations in a time-and resource-effective manner. 45 However, the often-proposed assessment of RPE atrophy might not be an ideal clinical endpoint in ABCA4-related retinopathy as this disease stage might already represent a point of no return at which treatment effects are more difficult to achieve. 23 In addition, progression rates of RPE atrophy secondary to ABCA4-related retinopathy are distinctly slower compared to other retinal degenerations such as AMD, 46 making the detection of potential treatment effects challenging. As AL are surrounded by distinguishable zones of characteristic AF patterns, these patterns might be an interesting alternative as outcome parameters for future treatment trials. As outlined above, these zones might represent different stages of degeneration that may show different responses to treatments and hence could be more useful for the detection of individual treatment effects. However, the potential of these AF alterations as clinical endpoints needs to be investigated in more detail in the future, for example, in longitudinal studies.
From a more general perspective, the use of NIR-AF might have several advantages over SW-AF in clinical routines as well as clinical studies as follows. (1) NIR-AF imaging might be an earlier marker of disease-associated alterations and progression. (2) The less-energetic long-wavelength light reduces the potential risk of toxic effects. 47, 48 (3) There is no masking by macular pigment leading to an improved assessment of the foveal region. 31 (4) The longwavelength excitation light causes less impairment by optic media opacities (i.e., cataract) 49 and (5) significantly less glare. In this study, each of our subjects described discomfort and difficulty in keeping the fixation due to glare during the SW-AF imaging, while NIR-AF was not associated with similar effects (anecdotal evidence). This indicates a potential superiority over SW-AF in the management of ABCA4related retinopathy. However, the long-term experience with SW-AF and the possibility of studying different pathophysiological pathways favors the use of both AF modalities, at least in an experimental setup.
In conclusion, this study revealed a sequence of AF patterns in ABCA4-related retinopathy that correlated with functional impairment and structural alterations on OCT imaging (Figs. 2 and 3) . These findings might help to broaden the pathophysiological understanding of ABCA4-related retinopathy and might be of particular value for future treatment studies. Alterations of NIR-AF appear to precede those of SW-AF, suggesting superiority in detecting early disease progression as well as the theoretically reduced risk of phototoxicity and the better visualization of the central macula.
